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INTEGRAL CAPACITOR USING EMBEDDED ENCLOSURE FOR EFFECTIVE 
ELECTROMAGNETICRADIATION REDUCTION 

BACKROUND 

1. Field of the Invention 

5 This invention relates to packaging. In particular, the invention relates to 

component packaging. 

2. Description of Related Art 

High performance integrated circuits are becoming more integrated, smaller and 
faster. As clock frequencies increase, radiation from packages and interposers becomes a 

1 0 serious electromagnetic interference (EMI) or electromagnetic compatibility (EMC) 
problem. In addition, as the footprint of integrated devices becomes smaller, discrete 
capacitors are not effectively attached close to the device because the size of discrete 
capacitors tend to be large. Even when capacitors are made integral to the device, large 
amount of instantaneously charged or discharged currents may cause undesirable EMI 

15 radiation. 

Techniques to reduce EMI radiation have disadvantages. One technique uses 
metal enclosure to cover the entire device or the assembly including the motherboard. 
This technique is expensive and ineffective at higher frequencies. 

Therefore, there is a need to have an efficient technique to package integrated 
20 circuits in a manner that will reduce electromagnetic radiation. 



l 



from 10237079 on 05/24/2004 

:::::::::::::::::::::::::::::::::::: ^: .... 



WO 02/27794 PCT7US0 1/30295 

BRIEF DESCRIPTION OF THE DRAWINGS 

The features and advantages of the present invention will become apparent from 
the following detailed description of the present invention in which: 

Figure 1 is a diagram illustrating a packaged device in which one embodiment of 
5 the invention can be practiced. 

Figure 2A is a diagram illustrating an embedded enclosure for organic land grid 
array according to one embodiment of the invention. 

Figure IB is a diagram illustrating an embedded enclosure for flip chip pin grid 
array according to one embodiment of the invention. 

1 0 Figure 3A is a diagram illustrating a cross section view for the embedded enclosure 

according to one embodiment of the invention. 

Figure 3B is a diagram illustrating a top view for the embedded enclosure 
according to one embodiment of the invention. 

Figure 4 is a diagram illustrating a top view for the embedded enclosure with EMI 
15 contacts according to one embodiment of the invention. 

Figure 5 is a diagram illustrating a top view for the embedded enclosure with EMI 
outer ring according to one embodiment of the invention. 

Figure 6 is a diagram illustrating an integral capacitor with embedded enclosure 
according to one embodiment of the invention. 

20 Figure 7 is a diagram illustrating a cross sectional view of the integral capacitor 

according to one embodiment of the invention. 



2 ( 
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DESCRIPTION 

In one embodiment of the invention, an integral capacitor includes a power plane, a 
ground plane, and a dielectric layer. The power plane has a power surface and a power 
periphery. The power plane couples power to signals of an integrated circuit operating at 
5 a fundamental frequency. The first ground plane have a first ground surface and a first 
ground periphery. The first ground plane couples ground to the signals. The first ground 
plane is separated from the power plane by a first distance. The first ground surface is 
larger than the power surface and the first ground periphery extends at least a second 
distance from the power periphery. The second distance is at least larger than N times the 
1 0 first distance. The dielectric layer is formed between the power plane and the first ground 
plane. 

In the following description, for purposes of explanation, numerous details are set 
forth in order to provide a thorough understanding of the present invention. However, it 
will be apparent to one skilled in the art that these specific details are not required in order 
15 to practice the present invention. In other instances, well-known electrical structures and 
circuits are shown in block diagram form in order not to obscure the present invention. 

Figure 1 is a diagram illustrating a packaged device 100 in which one embodiment 
of the invention can be practiced. The packaged device 100 includes an encapsulant 1 10, 
a die 120, an embedded enclosure 140, a plurality of contacts 145, a socket 150,anda 
20 printed circuit board (PCB) 1 60. 

The encapsulant 110 encapsulated the die 120andthe embedded enclosure 140. 
The encapsulant 1 10 may be made by plastic or any appropriate material. The die 120 
contains an integrated circuit having electronic circuits and signal traces connecting 
elements of the electronic circuits. The integrated circuit may be any type of integrated 
25 circuit such as a microprocessor, an application specific integrated circuit (ASIC), a 
programmable logic device (PLD), a digital signal processor (DSP), a gate array, a 
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memory device, a logic device, etc. The die 120 has a plurality of controlled collapse chip 
connection (C4) solder balls, or C4 bumps, 130. The C4 bumps 130 are attached to a 
plurality of metal conductive pads or C4 bump pads (not shown) on the top surface of the 
embedded enclosure 140. 

The embedded enclosure 140 provides electromagnetic interference (EMI) 
Ishieldingfoi^h^nte^ 



10 

The plurality of contacts 145 provide contacts to the socket 150. The contacts 145 
may be pins for a pin grid array (PGA) or solder balls. The socket 1 50 provides placement 
of the encapsulant 1 10 onto the PCB 160. The socket 150 have a number of socket legs 
170 to male contact with the signal, ground, and power traces/planes on the PCB 160. 
1 5 The PCB 1 60 is an assembly having other circuits or packaged devices connected 
together. 

Figure 2A is a diagram illustrating an embedded enclosure 140 for organic land 
grid array (OLGA)package according to one embodiment of the invention. The enclosure 
140 includes an OLGApackage enclosure 210 and an interposer 220. 

3 The OLGApackage enclosure 2 1 0 is used for OLGA packaging model. The 

OLGApackage enclosure 2 lOhas a plurality of solder balls 21 5. The solder balls 2 15 may 
be the C4 bumps which are attached to the top surface of the interposer 220. The 
interposer 220 provides mounting pins to allow insertion of the packaged device 100 into 
apin grid array socket on the PCB. 
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Figure 2B is a diagram illustrating an embedded enclosure 140 for flip chip pin 
grid array (FCPGA)package according to one embodiment of the invention. The 
enclosure 1 40 has a contact array which consists of pins for the FCPGA and can be used 
directly to mount on a socket. 

> Figure 3 A is a diagram illustrating a cross sectional view for the embedded 

enclosure 140 according to one embodiment of the invention. The enclosure 140 includes 
ground planes 3 10,340, and 360, a signal plane 320, and power planes 330 and 350. The 
use of three ground planes and two power planes is for illustrative purposes only. Any 
number of ground and power planes can be used. 

I The ground planes 3 1 0,340, and 360 are approximately of the same size, which is 

comparableto the size of the die 120 (Figure 1). The ground planes 3 1 0,340, and 360 are 
connected by a connected via chain 370. 

The signal plane 320 provides signal traces to the integrated circuit in the die 120 
(Figure 1) and is located between the power plane 330 and the ground plane 3 10. The 
1 5 signals of the integrated circuitmay may operate at a fundamental frequency. For EMI and 
EMC considerations, typically the highest frequency of interest is approximately ten times 
the fundamental frequency. For example, this fundamental frequency may be the core 
frequency of the microprocessor. The power plane 330 provides power coupling to the 



20 and a power periphery. Similarly, the ground planes 3 10, 340 and 360 have respective 
ground surfaces and ground peripheries and provide ground coupling for the integrated 

Icircintonn^li^S^TCp^ 
distance of the power planes 330 and 350, and the ground planes 3 1 0,340, and 360 1 
preferably follow a distinct relationship. I 

25 Suppose the distance between a ground plane and a power plane is H. The ground 

surface of the ground plane is larger than the power surface of the power plane. For 
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example, the ground surface 345 of the ground plane 340 is larger the power surface 355 
of the power plane 350. The minimum distance between a ground periphery and a power 
periphery is S. In other words, from the top down, the power plane is covered by the 
ground plane and the distances between the edges of the power plane to the edges of the 



V 



In one embodiment, the distance relationship between S and H is S > 20H. This is 



mown as the 20-H rule. This concept is premised on the fact that radio frequency (RF) 
:urrents exit on the outer edges of power planes due to magnetic fliix leakage. The radio 
xequency currents cause fringing of current between power and ground planes, thereby 
adiating RF energy into free space. To minimize the fringing effect, the ground plane is 
arger than the power plane (e.g., 20-H). In alternative embodiments, S may be less than 
10 times H, and may be 10H, 5H, or even 1H. 



Figure 3B is a diagram illustrating a top view for the embedded enclosure 
according to one embodiment of the invention. The top view shows the ground plane 340 
is above the power plane 350. 

The ground and power planes 340 and 350 have peripheries 347 and 357, 
respectively. The distance between the power periphery 357 and ground periphery 347 is 
at least S. In other words, the distance between the power periphery 357 and ground 
periphery 347 does not have to be uniformly equal to S, but could be equal to or larger 
10 than S. Furthermore, although the periphery is shown to be rectangular, any shape or form 
can be used, e.g., square, circular, triangular, or even irregular, as long as the distance 
relationship is maintained. 



The ground plane 340 has the connected via chain 370 which includes a number of 

vias located around the first ground periphery 347 and outside the power periphery 357. 

25 The vias having adjacent vias which are spaced apart by a via distance d. In one 

embodiment, the via distance d is smaller than a quarter wavelength of the highest 

6 
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frequency of interest. The distance between adjacent vias from one via to another may be 
different, but the maximum separation between adjacent vias should be less than a quarter 
wavelength of the highest frequency of interest. 

Ideally, sinusoidal signals are perfect in that they only contain energy at one 
5 frequency, and no harmonic energy, i.e., energy at multiples of the fundamental frequency. 
However, in reality, signals are not perfectly sinusoidal, and contain some energy at 
harmonic frequencies. For integrated circuits, the amount of energy radiated at different 
harmonic frequencies is typically measured to determine which harmonic frequencies, if 
any, have the highest amount of energy radiated. The fundamental frequency is then 
1 0 multiplied by the value N, where the N-th harmonic has the highest amount of energy 
radiated. For example, if the 10-th harmonic radiates the highest amount of energy, the 
fundamental frequency is multiplied by 10. This value is then converted to wavelength, 
using the following equation: 

c = A*f (1) 

1 5 where c is the speed of light, A is the wavelength, and f is the fundamental 

frequency. The spacing d between adjacent vias is then less than A/4, according to the 
following equation: 

d<A/4 = c/(4*N*f) (2) 

For example, if N = 10, f= 1 GHz, c = 3x10' m/s, then: 

20 d < 3x10' m/s /(4+ 10* lxlO 9 cycles/s) = 0.75 cm (3) 

Figure 4 is a diagram illustrating a top view for the embedded enclosure 140 with 
EMI contacts according to one embodiment of the invention. The embedded enclosure 
140 has the ground plane 340, the power plane 350, and a contact array 410. 



7 



from 10237079 on 05/24/2004 

:::::::::::::::::::::::::::::::::::: ^: .... 



WO 02/27794 



PCT/US01/30295 



The contact array 410 includes a number of contacts 420 made by appropriate 
contact type depending on the packaging type. For example, the contact array 41 0 may 
include an array of C4 bumps, BGA balls (for OLGA packaging), or pins (for FCPGA 
packaging). These contacts 420 may be connected to the power plane 350 and/or the 
5 ground plane 340. As shown in Figure 4, the contacts 420 are shown at random as filled 
black to indicate that they are connected to the power plane 350 and unfilled white to 
indicate that they are connected to the ground plane 340. The periphery of the contact 
array 41 0 is approximately the same as the periphery of the power plane 350. 

The ground plane 340 has a plurality of adjacent contacts 420 to provide EMI 
1 0 shielding. The EMI adjacent contacts 420 are spaced apart by a contact distance d that is 
smaller than a quarter wavelength of the fundamental frequency. The calculations are the 
same as given by equations (1) through (3) above. The adjacent contacts 420 are the same 
type with the contacts 420 in the contact array 41 0. In other words, the adjacent contacts 
420 may be controlled collapse chip connection (C4) bumps, ball grid array (BGA) balls, 
15 or flip chip pin grid array (FCPGA) pins. 

Figure 5 is a diagram illustrating a top view for the embedded enclosure 140 with 
EMI outer ring according to one embodiment of the invention. 

In this embodiment, there are no adjacent contacts outside the periphery of the 
power plane 350. Instead, the contact array 41 0 includes an inner ring 5 10 and an outer 
20 ring 520. The inner ring 5 10 includes contacts 5 15 that are connected to at least the 

ground plane 340 and the power plane 350. The outer ring 520 provides EMI shielding 
and includes contacts 525 of the same type that are attached to the ground plane 340. The 
contacts 5 15 and 525 may be C4 bumps, BGA balls (for OLGA packaging), or pins (for 
FCPGA packaging). 

25 Figure 6 is a diagram illustrating a packaged device 600 using an integral capacitor 

with embedded enclosure according to one embodiment of the invention. The packaged 

8 
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device 600 includes integral capacitors 610 and 640, a die 620, and a package substrate 



630. The use of two integral capacitors 610 and 640 are for illustrative purposes only. In 
one embodiment, only one integral capacitor can be used. For example, the packaged 
device 600 may include either the integral capacitor 610 or the integral capacitor 640. 



To reduce noise caused by high frequency signals and power fluctuations, there 
should be a number of bypassing capacitors, Using discrete capacitors in atypical circuit 

^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^ 



capacitors 610 and 640 are integral to the packaged device 600 and therefore provide an 
effective means for noise reduction. In addition to providing capacitor bypassing, the 

0 integral capacitors 610 and 640 also provide electromagnetic radiation reduction. The 
integral capacitors 610 and 640 are essentially similar. The integral capacitor 610 is 
attached to the top surface of the die 620 by a number of C4 bumps 615 while the integral 
capacitor 640 is attached to the bottom surface of the package substrate 630 by a number 
of C4 bumps 645. Since the integral capacitors 610 and 640 are similar, a description of 

5 the integral capacitor 610 is sufficient. 



The die 620 contains an integrated circuit operating at a fundamental frequency. 
The die 620 is essentially similar to the die 1 20 shown in Figure 1 . The die 620 has a 
number of C4 bumps 625 attached to metal conductive pads or C4 bump pads (not shown) 
on the top surface of the package substrate 630. The integral capacitors 610 and 640 
20 provide charge storage for the integrated circuit of the die 620. 

The package substrate 630 can be formed from a ceramic material or non-ceramic 
materials such as FR-4. The package substrate 630 is attached to pads on a printed circuit 
board (not shown) by a number of solder balls 650. The solder balls 650 may be the BGA 
balls. 

The integral capacitors 6 10 and 640 are constructed using the embedded enclosure 
as described above. The integral capacitors 610 and 640 essentially form an embedded 

9 
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Faraday cage to reduce electromagnetic radiation. The integral capacitors 610 and 640 
typically have dimensions, size and shape comparable with the die 620. In one 
embodiment, the dimensions are approximately 1 .5 cm x 1.5 cm. The capacitance value 
depends on the noise reduction requirements. Typical values range from 10 to 50 
microfai^ 

Figure 7 is a diagram illustrating a cross sectional view of the integral capacitor 
6 1 0 according to one embodiment of the invention. The integral capacitor 6 1 0 includes 
ground planes 710, 730, and 750, power planes 720 and 740, dielectric material 715, and 
via chain 760. The use of three ground planes 71 0,730, and 750, and two power planes 
1C 720 and 740 are for illustrative purposes only. In alternative embodiments, the integral 
capacitor 6 10 may include any number of ground and power planes. For example, the 
integral capacitor 610 may include only the ground plane 710 and the power plane 720. 



15 



20 



25 



The ground planes and the power planes follow the distance relationship as 
iscussed above. For illustrative purposes, only the distance relationship between the 
round plane 710 and the power plane 720- is described. The distance relationship for the 
ther around and Dower planes is similar. 



The dielectric layer 7 1 5 is formed between the ground plane 7 1 0 and the power 
plane 720. The material of the dielectric layer 715 niay be any suitable material having 
high dielectric constant k, such as FR-4 or X7-R. 



The ground plane 7 10 has a ground surface and a ground periphery. The power 
lane 720 has a power surface and a power periphery. The ground surface is larger than 
le power surface. Suppose the distance between the power periphery and the ground 
^riphery is S and the distance between the ground surface and the power surface is H, 
ten the distance relationship between S and H is S > 20H. Like in the embedded 
iclosure, alternative embodiments may follow the relationship S > 10H, S> 5H, or S> 



EL 
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The via chain 760 includes a number of adjacent vias which are electrically 
connected to the ground plane 7 10 and electrically isolated from the power plane 720. 
Similarly to the embedded enclosure shown in Figure 3B, the adjacent vias are separated 
by a distance less than one quarter of the wavelength. The calculations of the wavelength 
5 follows the equations ( 1 ) through (3). 

While this invention has been described with reference to illustrative embodiments, 
this description is not intended to be construed in a limiting sense. Various modifications 
of the illustrative embodiments, as well as other embodiments of the invention, which are 
apparent to persons skilled in the art to which the invention pertains are deemed to lie 
0 within the spirit and scope of the invention. 



n 
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CLAIMS 

What is claimed is: 

1 . An integral capacitor comprising: 

a power plane having a power surface and a power periphery, the power plane 
5 coupling power to signals of an integrated circuit operating at a fundamental frequency; 

a first ground plane having a first ground surface and a first ground periphery, the 
first ground plane coupling ground to the signals, the first ground plane being separated 
from the power plane by a first distance, the first ground surface being larger than the 
power surface and the first ground periphery extending at least a second distance from the 
1 0 power periphery, the second distance being at least larger than N times the first distance; 
and 

a dielectric layer formed between the power plane and the first ground plane. 

2. The integral capacitor of claim 1 further comprising: 

a second ground plane having a second ground surface and a second ground 
1 5 periphery, the second ground plane being separated from the power plane by the third 
distance, the second ground surface being larger than the power surface and the second 
ground periphery extending at least a fourth distance from the power periphery, the fourth 
distance being at least larger than M times the third distance, the second ground plane 
being coupled to the first ground plane by a via chain connecting a first plurality of vias 
20 located around the first ground periphery to a second plurality of vias located around the 
second ground periphery, the first and second pluralities of vias having adjacent vias, the 

12 



from 1023707 9 on 05/24/ 2004 

:::::::::::::::::::::::::::::::::::::::::::::::::: :=: =:=5:=5 1:1 H 1:1 mmmmmmiii: 



WO 02/27794 



PCT/US01/30295 



adjacent vias being spaced apart by a via distance that is smaller than a quarter wavelength 
of the fundamental frequency. 

3. The integral capacitor of claim 2 wherein the dielectric layer is made of a 
dielectric material having a high dielectric constant. 

5 4. The integral capacitor of claim 1 wherein N is an integer ranging from 1 to 

20. 

5. The integral capacitor of claim 1 wherein M is an integer ranging from 1 to 

20. 

6. The integral capacitor of claim 1 wherein the first plurality of vias having 
1 0 electrical contact to a plurality of adjacent contacts, the adjacent contacts being spaced 

apart by a contact distance that is smaller than a quarter wavelength of the fundamental 
frequency. 

7. The integral capacitor of claim 6 wherein the contacts are ones of 
controlled collapse chip connection (C4) bumps, ball grid array (BGA) balls, and flip chip 

1 5 pin grid array (FCPGA) pins. 

8. The integral capacitor of claim 1 further comprises a contact array to 
connect to at least the first ground plane and the power plane. 

13 
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9. The integral capacitor of claim 8 wherein the contact array is one of a C4 
bump array, a BGA ball array, and a FCPGA pin array. 



10. The integral capacitor of claim 9 wherein the ground plane has a plurality 
of adjacent contacts, the adjacent contacts being ones of controlled collapse chip 

5 connection (C4) bumps, ball grid array (BGA) balls, and flip chip pin grid array (FCPGA) 
pins and spaced apart by a contact distance that is smaller than a quarter wavelength of the 
fundamental frequency. 

11. A packaged device comprising: 

a die containing an integrated circuit; 

1 0 a plurality of controlled collapse chip connection (C4) bumps attaching the die to a 

substrate; and 

an integral capacitor attaching to the die to reduce radiation, the integral capacitor 
comprising: 

a power plane having a power surface and a power periphery, the power 
1 5 plane coupling power to signals of an integrated circuit operating at a 

fundamental frequency, 

a first ground plane having a first ground surface and a first ground 
periphery, the first ground plane coupling ground to the signals, the first 
ground plane being separated from the power plane by a first distance, the 
20 first ground surface being larger than the power surface and the first ground 

14 
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periphery extending at least a second distance from the power periphery, 
the second distance being at least larger than N times the first distance, and 

a dielectric layer formed between the power plane and the first ground 
plane. 

5 12. The packaged device of claim 1 1 wherein the integral capacitor further 

comprising: 

a second ground plane having a second ground surface and a second ground 
periphery, the second ground plane being separated from the power plane by the third 
distance, the second ground surface being larger than the power surface and the second 

1 0 ground periphery extending at least a fourth distance from the power periphery, the fourth 
distance being at least larger than M times the third distance, the second ground plane 
being coupled to the first ground plane by a via chain connecting a first plurality of vias 
located around the first ground periphery to a second plurality of vias located around the 
second ground periphery, the first and second pluralities of vias having adjacent vias, the 

1 5 adjacent vias being spaced apart by a via distance that is smaller than a quarter wavelength 
of the fundamental frequency. 

13. The packaged device of claim 12 wherein the dielectric layer is made of a 
dielectric material having a high dielectric constant. 

14. The packaged device of claim 1 1 wherein N is an integer ranging from 1 to 

20 20. 

15 
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15. The packaged device of claim 1 1 wherein M is an integer ranging from 1 to 

20. 



16. The packaged device of claim 1 1 wherein the first plurality of vias having 
electrical contact to a plurality of adjacent contacts, the adjacent contacts being spaced 
5 apart by a contact distance that is smaller than a quarter wavelength of the fundamental 
frequency. 



17. The packaged device of claim 16 wherein the contacts are ones of 
controlled collapse chip connection (C4) bumps, ball grid array (BGA) balls, and flip chip 
pin grid array (FCPGA) pins. 



10 18. The packaged device of claim 1 1 wherein the integral capacitor further 

comprises a contact array to connect to at least the first ground plane and the power plane. 

19. The packaged device of claim 18 wherein the contact array is one of a C4 
bump array, a BGA ball array, and a FCPGA pin array. 

20. The packaged device of claim 19 wherein the ground plane has a plurality 
15 of adjacent contacts, the adjacent contacts being ones of controlled collapse chip 

connection (C4) bumps, ball grid array (BGA) balls, and flip chip pin grid array (FCPGA) 
pins and spaced apart by a contact distance that is smaller than a quarter wavelength of the 
fundamental frequency. 
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21. A method comprising: 

coupling power to signals of an integrated circuit operating at a fundamental 
frequency by a power plane having a power surface and a power periphery; 

coupling ground to the signals by a first ground plane having a first ground surface 
5 and a first ground periphery, the first ground plane being separated from the power plane 
by a first distance, the first ground surface being larger than the power surface and the first 
ground periphery extending at least a second distance from the power periphery, the 
second distance being at least larger than N times the first distance; and 

forming a dielectric layer between the power plane and the first ground plane. 



10 22. The method of claim 21 further comprising: 

coupling a second ground plane to the first ground plane by a via chain, the second 
ground plane having a second ground surface and a second ground periphery, the second 
ground plane being separated from the power plane by the third distance, the second 
ground surface being larger than the power surface and the second ground periphery 

1 5 extending at least a fourth distance from the power periphery, the fourth distance being at 
least larger than M times the third distance, the via chain connecting a first plurality of 
vias located around the first ground periphery to a second plurality of vias located around 
the second ground periphery, the first and second pluralities of vias having adjacent vias, 
the adjacent vias being spaced apart by a via distance that is smaller than a quarter 

20 wavelength of the fundamental frequency. 
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23. The method of claim 22 wherein the dielectric layer is made of a dielectric 
material having a high dielectric constant. 

24. The method of claim 21 wherein N is an integer ranging from 1 to 20. 

25. The method of claim 21 wherein M is an integer ranging from 1 to 20. 

5 26. The method of claim 21 wherein the first plurality of vias having electrical 

contact to a plurality of adjacent contacts, the adjacent contacts being spaced apart by a 
contact distance that is smaller than a quarter wavelength of the fundamental frequency. 

27. The method of claim 26 wherein the contacts are ones of controlled 
collapse chip connection (C4) bumps, ball grid array (BGA) balls, and flip chip pin grid 

10 array (FCPGA) pins. 

28. The method of claim 2 1 further comprises connecting to at least the first 
ground plane and the power plane by a contact array. 

29. The method of claim 28 wherein the contact array is one of a C4 bump 
array, a BGA ball array, and a FCPGA pin array. 

1 5 30. The method of claim 29 wherein the ground plane has a plurality of 

adjacent contacts, the adjacent contacts being ones of controlled collapse chip connection 

18 
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(C4) bumps, ball grid array (BGA) balls, and flip chip pin grid array (FCPGA) pins and 
spaced apart by a contact distance that is smaller than a quarter wavelength of the 
fundamental frequency. 
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